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Abstract 

Effects of final state interaction on asymmetries in inclusive scattering of 
polarized electrons on polarized 3 He are investigated using consistent 3 He 
bound state wave function and 3N continuum scattering states. Significant 
effects are found, which influence the extraction of the magnetic neutron form 
factor from A?/. The enhancement found experimentally for A^y near the 
3N breakup threshold, which could not be explained in calculations carried 
through in plane wave impulse approximation up to now, occurs now also in 
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theory if the full final state interaction is included. 
13.40.Gp, 13.60.Hb, 21.45.+V, 24.70.+S, 25.30.Fj 



I. INTRODUCTION 



The electromagnetic form factor of the nucleons are of fundamental interest in nuclear and 
particle physics. While the proton form factors have been determined from elastic electron- 
proton scattering over a wide range of momentum transfers with good accuracy [II], this is 
not the case for the neutron, since no free neutron targets exist. One is therefore forced 
to extract information on the neutron from electron scattering on light nuclei. Obviously 
ambiguities arising from nuclear structure and reaction mechanisms should be minimized. 
So far mainly the deuteron has been used as a target M. The 3 He nucleus has also attracted 
much attention as an ideal target If one assumes that the 3 He wave function is 

spatially symmetric (antisymmetric in spin-isospin space), then the spins of the two protons 
are coupled to zero and the spin of 3 He is carried by the neutron alone. Under this simplifying 
assumption a polarised 3 He nucleus can be considered to be a polarised neutron. Now this 
picture of the 3 He wave function, the so-called principal S-state approximation, is valid to 



about 92 % with respect to its norm. ( This referes to Bonn B potential [19|, which we 
use in this article ) Motivated by that attractive feature, recently several experiments have 
been performed, where longitudinally polarized electrons with helicities h(=±l) have been 
inclusively scattered on polarized 3 He targets [0-0]. The aim was to measure the asymmetries 



_ cr(h = +1) - cr(h = -1) 

(j{h — +1) + <j{h — — 1) ' 1 ' 

depending on the spin direction of 3 He. These asymmetries are expected to be sensitive to 
the electromagnetic form factors of the neutron. The data have been analysed so far in plane 



wave impulse approximation |10|,|TTJ and based on a single nucleon current operator. That 
approximation neglects the interaction between the nucleon which absorbed the photon and 
the two other nucleons. 

It is the aim of this investigation to remove that theoretical uncertainty and to treat the 
3 He bound state wave function and the 3N continuum representing the final 3N scattering 
state on an equal footing, using exact solutions of three-body Faddeev equations based on 
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realistic NN forces. Our theoretical formalism is described in section II and our results in 
comparison to the data in section III. A Summary is given in section IV. 



II. THEORY 

In recent articles [|T^-[TB| we studied elastic and inelastic electron scattering on 3 He cor- 
responding to unpolarized experiments. So far our dynamical picture is: a nonrelativistic 
framework, a single nucleon current operator and the exact treatment of realistic NN forces 
among the three nucleons. For the relatively low momentum transfers considered up to 
now that picture was quite successful and the final state interaction (FSI) among the three 
nucleons played a significant role. Now we apply that dynamical picture to the scattering 
of polarized electrons on polarized 3 He targets under inclusive conditions. The derivation of 



the corresponding cross section is known ||17|| . However to stay in line with the notation in 



our previous articles and to show its extensions we just mention the new ingredients. In the 
evaluation of the cross section the fixed electron polarization in the initial state leads to an 
additional term proportional to the helicity h on top of the usual expression for the electron 
tensor 

a' 

= — (W + k""k v - g^k ■ k' + ihe^Kk'p) (2) 

That additional last term in Eq. (^) has been evaluated under the condition, that the 
electron mass m can be neglected in relation to its energy. Straightforward contraction with 
the hadronic tensor yields the inclusive cross section in the lab system 
da 



<JMott [vlRl + v t Rt + h(v T/ R T > + v TV R TV )} (3) 



dk'dko 

The unprimed terms are the familiar ones for the unpolarized set up The primed 
terms are: kinematical factors from the electron tensor 



-Q 2 2 e e 

. — h tarn — tan — (4) 

\ Q 2 2 2 K J 



and structure functions related to the hadronic tensor 

Rt'= E fdfSiM + u-P^W-lN^l 2 ) (6) 

m' t' 

Rtv = - E / d f' S ( M + u - p o) 2Re [No (Ni + N^Y] (7) 

ml t' 

Here Q = (u, Q ) is the four momentum of the photon, the electron scattering angle, 
M the target mass and Pq the total energy of the final state. The summation over all spin 
and isospin magnetic quantum numbers and momenta in the final state is indicated by m', 
t' and df . The nuclear matrix elements iVo and N±i are 

ATo = <*^|p((5)|*,He> ( 8 ) 

Ar ±1 = (^7i r ,b ±1 (Q)|^He), (9) 

where |^3H e ) is the 3 He ground state, 1^7^/) a 3N scattering state with the asymptotic 
quantum numbers f'm'r', p(Q) the electromagnetic hadronic density operator and j±i{Q) 
the spherical components of the electromagnetic hadronic current operator. Since we use a 
nonrelativistic framework, the argument of the 5-function in Eqs. (^-0) is 

= E-E,, (10) 

where 63g e is the 3 He binding energy (negative), rriN the nucleon mass, the final total 
momentum P' = Q and Ey the internal 3N energy related to the quantum numbers /'. 

In evaluating the primed structure functions we can generalise a method proposed in |I1 
Let us define 

K AB = E / «^-^/0(^vl^l^He)( VI/ /^v^l^He)* 



E / ^'(*3 H el 5t l^v}^-^/')(^T^I*3He) 

m'r' 
rn'r' 

(V 3}ie \BU(E-H)A\y 3}ie ) 



(11) 



We introduced the 3N Hamiltonian H and used the completeness relation (the ground state 
does not contribute, since E lies in the 3N continuum). In our case the operators A and B 
are either p(Q) or j±(Q). 

If the operators A and B are different the method proposed in jnj to evaluate the last 
expression in Eq. ( |TTD has to be generalised to 



n AB = ^-(V^B*—-^ 77 

2m c E — le — H 



2m 

We introduced 



ij(*, H e|B , |4'^ ) > - ^-<*3HelB , l*^) 



I 



E + ie-H 



Now 



= <*.Hel^- 



E + ie-H 1 3He/ 
(*aHel^l^ +) )* 



with 



l*i +) > 



i 



E + ie-H 



5 l%Ie> 



Therefore we get 



K 



AB 



((% Re \A^y - (% Re \B^)) 



2m 



(+)\ 



For i = Bwe recover the old result 114 



7T 



(12) 



(13) 



(14) 



(15) 



(16) 



(17) 



The states l^^s), defined in Eqs. (13) and (15) contain all the complexity of the inter 



action among the three nucleons and are evaluated as in [14.16] using the Faddeev scheme. 
We get 



v^ +) = G (l + P)U t 



c 



(18) 



with 



U c = (l + tG )C (1) |#3 H e> + tG PU t 



c 



(19) 



Here C is either A or B (for instance p or j±) and we assumed that A or B can be decomposed 



as 



c = Y^c {i) . 



(20) 



Further t is the NN t-matrix, Go the free 3N propagator and P the sum of a cyclic and 
anticyclic permutation of 3 objects. 

The Faddeev equation (|1^) has been introduced and handled numerically before in [16 
Inserting Eq. ( (LHP into Eq. (|T6| ) we get 

1 



n AB = — ((^ aRe \A^G (i + p)u B y - (*3 He i 5tGr o(i + P)U A ) 

= ^~ ((^Hel^ (1)tG o(l + P)U B y - <*3 He |£ (1)t Go(l + P)U A 



(21) 



In the last step we used Eq. (|20"D and the fact that the states to the left and right of A^ 
or B^ are antisymmetrical. 

Regarding Eqs. (^) and (0) we see that the expressions TZab are either of the form TZaa 
and therefore real or for A ^ B one has to take the real part thereof. Thus in general we 
have to add the step 



Rab — Re [JZab 
3 



2n 



Im 



(* 3Re \AWG (l + P)U B Y - (vI>3 He | J B( 1 )tG'o(l + P)U A ) 



(22) 



This applies to Rtl< in our case. 



Further considerations require a partial wave decomposition and taking the polarization 
of 3 He into account. We introduce our standard basis in momentum space [0 

\pqa) = \pq(ls)j(\±)JJM(t±)TM T ), (23) 

where p and q are magnitudes of Jacobi momenta and the set of discrete quantum numbers 
a comprises angular momenta, spins and isospins for a three-nucleon system. The 3 He state 
polarized in the direction 9*, <fi* is 

|*3 He ™W =El%ie™^ 2 i(-^- r '°)> (24) 

m! 

where |^ 3 jj e m) is quantised with respect to the z-direction and the Wigner D-function 
occurs as 



cos y -Silly 



D%£{-<P,-P,0) = e™+ (25) 

\sin T cos T / 

Using all that we get 

e ^(^ 3Re m\B^G (l + P)U A ) = Y: / P 2 dp q 2 dq-—. — 

EE^ 2 ><i(P?«l(l + P)B^ 3Re mT ( P qa\U A m") (26) 

m' m" 

Note that the state \Ua) depends on the magnetic quantum number m of 3 He through 
the driving term in Eq. (|19|) . 

Let us illustrate how the dependence on the magnetic quantum number m of the 3 He po- 
larization enters into the four structure functions of Eq. (§) in two examples. The remaining 
ones are worked out in the Appendix. The longitudinal structure function R L has the form 

3. 



R L = Im 

7T 



(*3 H elP (1)tG, o(l + PW 



~§ Im 2£t^~ — \p — 

D% 2 m *D%,%(pqa\(l + P)p (1) |* 3H e m')* (pqa\U p m")} (27) 



The sums in ^ include the summation over the magnetic quantum number M of the 
total 3N angular momentum J . We indicate that dependence on JM now explicitely and 
consider the expression 



EEE^M^m^^ (28) 

M m! m 



Since we choose the z-axis to lie in the direction Q of the virtual photon and therefore the 
density operator conserves the 3N magnetic quantum number |16| , one has M = m' = m" 
and the expression Eq. (|28D simplifies to 

D { l^D^{pqaJ l -\{\ + P)p^^\)ipqaj\\U p 1 -) 
+ D^D^JpqaJ - + P)p m \% E e ~ \)<P**J ~\\ U p~ \) ^ 
We used the fact that the p^ l > matrix element is real. 



Now a detailed look into the partial wave decomposed forms |16| reveals the following 
symmetry properties 

(pqaJ - + P)p {1) \%Ee ~ \) = (~ l ) J ~ k n + P )P {1) \^^\) ( 30 ) 

{pqaJ _ I \ Up _ 1) = n { pqa j\\U p 1 -), (31) 



where II is the parity of the state \pqa). With the help of Eqs. ( j30| - |31|) it is obvious that in 
Eq. ( p9[) the D-functions can be separated into the sum 

|D (l/2) |2+|jD (l/ 2)|2=1 (32) 



and we end up with 



R L = --Im 

7T 



JE + ie — E T~q l £ ill 

m 4m ^ 



(33) 



which is independent of m, the polarization of 3 He. 

A corresponding study carried through in the Appendix leads to 



m 4m q 



1. 



1, 



(34) 



2 ,v ' 1 ne 2' " 2' J1 2' 
Here is the spherical +1 component of the current operator. Again we see that is 
independent of the 3 He target polarization. 

As the second illustration we regard Rtu- According to Eqs. (|7|), fl22"|) and ( |26| ) it has 
the form 

R TV = -2|-Im[(vI/3 He |p( 1 )tGo(l + P)U h )* - (v& 3He |jf t G (l + P)U P ) 
+(*3 H eb (1)tG o(l + P)Ui_ x Y - (v&3 He |£ 1 1 )t Go(l + P)U p )\ 

= -§M^ - . I — — E cS/S^Wr<w«l(i + ^)p (1) l*.He"» / > 



1 



V D [1/2) *D 

F + ,V - £ - -2-fl2 ^ m '- m 
^ + 26 m 4m^ m',m" 



(1/2)* n (l/2) 
m",m 



({pqa\(l + P)A 1) \^ 3Re m'y + (pqa\(l + P^'Sl^He™')*) (pH^X)] (35) 



Now ji (j'-i) increases (decreases) the magnetic quantum number by 1. Consequently 



R 



TL> 



-Im 



7T 



1 



E-ie-^r- ^q 2 



m Am 

[D^D^{pqaJ-\(l + P) P ^ 3Re \){pqaj\\U h - i>- 
+ D^lD^ipqaJ - i|(l + P)p« |* sH e " ^><P?«^ - ^i-^> 



,m 2 ' m 

m. 4m " 



rn 4m 
,(1/2)* n (l/2) 



(36) 



Again we use phase relations 
<P?«.7 " ^1(1 + P)iSl*.Hfi^> = {-l) J -tn<pqaj\\{l + P)A 1] \%Ee ~ \) ( 37 ) 



(pqaj - ^\U P 



1 

2' 



^> = (-l)^H< M a^|^) 



(38) 



and can simplify R TL i as 



R 



■TV 



F - ? 3 2 (W°4 I(1 + P )' ,{1) l*-Hei) 
E — ie — -p-tr ^ ^ 
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1,„ 1. 

h 
1 



(pqaJ-\U n - -Y{D^ 2) DH 2) * + DH 2) 



(pga^Kl + P^fl^He-i) 



£ + ze - 21 - ^-g 2 



-Im 



7T 



i 



,(1/2)* n (l/2) 



£ - z'e - ^ - ^g 2 

m 4m ^ 
.1 



(pgo^ | (1 + P)p« | ¥ >He ±) {pqaj 1 - \ U n -\)* 



E + ie-Sl- -^g 2 



^(1/2)^(1/2)* 



(1/2) n (l/2)* 



± 



{pqaj l -\(l + P)ii 1) |*3 He " \Y(p^J 1 -\U p 1 -) 



E-ie-V-- ^g 2 

m 4m * 



m 4m 

(pga^i|(l + ^p^l^He^M^I^ - 5)*] sin0* 



COS ( 



(39) 



where ± refers to m — ±|, respectively. As shown in the Appendix one gets similarly 



R T , = ±cos0*-lm^£ 



£ + ze - 21 - 3 2 

m 4m * 



(40) 



The partial wave projected matrix elements are evaluated according to our standard tech- 
niques |g-|n§. 

The only structure functions depending on 9* and 4>* are 



R T / = R T , cos 9* 

R TL i = R TL t sin 9* cos 4>* 
Then according to Eqs. ([[]) and (|3]) the asymmetries are 

A 



(41) 
(42) 



da 


da 




dk'dk' Q 


h=l 


dk'dk' 


h=-l 


da 


1 da 




dk'dk' () 


h=l 


dk'dk' Q 


h=-l 



vt'Rt' cos 9* + vtl'Rtv sin 9* cos < 
v L R L + v t Rt 



(43) 
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Putting the angle 6* between the direction of the 3 He target spin (m = \) and the direc- 
tion Q of the virtual photon to zero one selects the transverse asymmetry At' (proportional 
to Rt'), whereas putting that angle to 90° one gets the transverse- longitudinal asymmetry 
Atl' (proportional to Rtl 1 )- 

Let us now regard the most simplified picture. We neglect all final state interactions, 
thereby excluding also the pd break up channel. Also the antisymmetrization is kept only 
in the two-body subsystem described by p. Finally we restrict the 3 He wave function to the 
principal S-state. In order to define clearly our notation we start from the matrix elements 
for the symmetrized plane wave impulse approximation PWIAS 

n pwias = -^(PQmim 2 m 3 T 1 T 2 r 3 \(l - P 23 )(l + P) f 1 (<J)|* aHe m ) e* <f>* 
3 

- i (pqm 1 m 2 m 3 T 1 T2T 3 \(l - P 23 )(l + P)$)(Q)|*sHe m W ( 44 ) 



V3! 

As before we reduced the single nucleon current operator to one term. The subscript (1) 
indicates the particle number, which in our notation is described by q. Now we drop the 
permutation operator P, apply P 23 and insert the principal S-state approximation. The 
resulting nuclear matrix elements are 

A> = VQ{pqm l m 2 m 3 T 1 T 2 T 3 \p^\Q)\^^m) B , r (45) 

iV± = V6(pqm 1 m 2 m 3 T 1 T 2 T 3 \j^\Q)\^^ e m) e * r , (46) 
The principal S-state is 

\^i e m) = \<Psm a m), (47) 
where |£ a ^) is the totally antisymmetrical spin-isospin state 

ie-m> = ^(\(t = oi)T = = l\)S = l -m) - \{t = l\)T = i>|( fl = 0~)S = i m » (48) 

and \4>s) is the totally symmetrical space part belonging to total orbital angular momentum 
L = 0. In terms of our standard notation |Tj| one easily gets 
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I*fle-) 



EE/ / dw 2 |pg(")0(si)S- = \™(t\)T = \)Mpq)^=(t,Ao - S*Ai) (49) 



I even s,t 

with 



2^2*- 2'2 r)"\"2'2V 2 ' 2 



and ^ a (pg) are the wave function components (pqa\^m) determined in the Faddeev scheme. 
Using P^ ) and (J7) the nuclear matrix elements (J^5|) and turn into 



iV = V^ (n) 0s(p,9- ~Q) (m 1 m 2 m 3 T 1 T 2 T 3 |eam / ) (51) 



N ±1 = VEF^iQ) M E^m/m 0s(p,9 - ttQ) (mi^maWal^m') 
mjy ^ 3 



12Gf£? ) («3) 2 D%% MP, q~ \Q) {mi T 1 m 2 m 3 r 1 r 2 T 3 \^m') (52) 



Thereby the single particle current operator has been chosen according to ||13|| . Despite 
the approximate, not fully antisymmetrized final state in ([|5|) and (f5J), we stick to the 
summation prescription over all final states in the evaluation of the structure functions, 
which corresponds to the fully antisymmetrized final states in Eq. 



%=\ £ £ fdpdq (53) 

J m\m2mz T1T2T3 

Then a straightforward evaluation yields 

Rl = ^ jT" rfpp 2 ? / rfp / dq \MP, Q- \Q)\ (l(Fl n \Q)) 2 + l(F?\Q)f) (54) 

2mjy /"P max iff 2 - 2 

R T = — ^— dpp q J dp J dq \<j) S {p,q- -Q)\ 



2 ~" 2 ' 

T ^ |yi < l( ^ )|2 ft^)) 2 + 2 ( f i (p) (^)) 2 ) + (^Sf (5)) a + ^ } (Q)) 2 ) 



(55) 
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Rt' — 



2m N [P 



dpp 2 q I dp I d q\MP,Q-lQ)\\-loose*)(Gi\Q)) 2l -$ 



^,2 



m 



(56) 



N 



R T l' — 



2m N fP 



[ P ™dpp 2 q [dp [ dq\<t>s(p,q-\Q)\ ^^(Q) Gff(Q)M cos0 * sin0* (57) 
Jo J J 6 6 rriN 



\Q\ 



The energy conserving delta function gives p max and q to be 



Pn 



(58) 



Q = ^(pLx-P 2 )- 



(59) 



Note that Rl and Rt receive contributions from neutrons and protons, whereas due to the 
principal S-state assumption R T i and Rtl 1 are fed only by the neutron contribution. It 
results in the asymmetry 



o ''In 



+ v TL , ^F[ n \Q) G$(Q) M cos0* sinr 
6 rriN 



vt { ((Ft\Q)) 2 + 2(F^(Q)) 2 ) a(u, \Q\) + (^(G ( m\Q)) 2 + \{G { ${Q)f 



\Q\_ 

Am 2 



N 



, (60) 



where 



f J p —dpp 2 q jdpjdq\MP,Q- |Q)| 2 iJ|n,i 
Jg—dpPqfdpSdqlfatf,?- IQ)\ 2 



a(u, \Q\) 



1 J Pmax dpp 2 q£ Ei J-i <fc (l - * 2 ) 2 (p, |g - \Q\) 



(61) 



3 j*™* dpp2g ^ dx tffa |-_ |Q|) 

with x — q ■ Q. 

That factor a(c<j, |Q|) is due to the convection current, whose contribution survives solely 
in R T and prevents that the dependence on the 3 He wave function drops out. It is typically 
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of the order 10~ 3 and together with F 2 (Q) of neutron and proton it is negligible in relation 
to the other term at the momentum transfer \Q\ considered. 

If we insert the explicit expressions for the kinematical factors v and use the nonrela- 
tivistic approximation Q 2 « — Q 2 we get 

e 



2^17 taI1 2 

A = 



g + tan 2 f(4™ } ) 2 cosS* + 2 y^f F^Gfif cos 0* sin 6* 



(G^) 2 + 2(Gg) 2 + ((F^) 2 + 2(F 1 (p) ) 2 



;i + 2tan 2 f) 



where we kept (^p - ) under the square root in order to facilitate the comparison to the 
asymmetry gained by scattering a polarized electron on a polarized nucleon target. That 
well known expression is 



G|-^GI,(l + 2(l-^))tatff (63) 

The numerators in ( |62] ) and (|63| ) are equal except that we use F\ instead of Ge- Our 
single nucleon current operator ]13[ contains F\. In the denominator of fl62|), however, there 
are also contributions from the protons in 3 He and the correction term a resulting from the 
convection current. In 3 He the nucleons are moving in contrast to the case of a fixed single 
nucleon target. 

Regarding the expression fl62|) we see that the transverse asymmetry A?' defined for 
9* = 0° is proportional to (Cm*) 2 , whereas the transverse-longitudinal asymmetry Atu 
defined for 6* = 90° is proportional to F^ G$. Will that simple result survive under more 
realistic conditions ? 

This is just the aim of our study to learn how a more realistic 3 He wave function, the 
inclusion of antisymmetrization in the final state and the inclusion of final state interactions 
among the three final nucleons modifies that simple picture and whether these modifications 
will still leave sufficient sensitivity to the value of the magnetic form factorG^ of the 
neutron. 

Let us now define the various levels of evaluating the two asymmetries At> and Atv ■ 
The form (|6^) based on the principal S-state and plane wave impulse approximation without 
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> 2 tan f + tan 2 f G 2 M cos 6* + ^ G E G M cos0* sin0*) (1 



antisymmetrization in the final state (see Eqs. (^5[) — (f46| ) ) will be denoted by PWIA (PS). If 
we include the realistic 3 He wave function we denote the result by PWIA. The corresponding 
structure functions are determined by ( p2|) dropping the factor 3, the permutation operator 
P and Ub and Ua should be chosen by ( |i9|) without the two terms proportional to the NN 
t-matrix t. If one restricts |^3fj e ) to the principal S-state the results should be identical to 
the structure functions evaluated according to Eqs. ([54|)-([57]) and to the asymmetry from 
(|62l). This is a very nontrivial check and turned out to be very well fulfilled. 

The next improvement of the theory is to keep plane waves in the final state but antisym- 
metrize them correctly. This is achieved using ( f22|) and dropping only in the {/-amplitudes 
of Eq. (|19D the terms proportional to t. This approximation will be denoted by PWIAS. 

An intermediate step for including the full final state interaction is to keep in the nuclear 
matrix elements the interaction in the pair of nucleons which are spectators to the absorption 
process of the photon on the third nucleon. This approximation is described by the nuclear 
matrix elements 

N ' = VQ (pgmimX | (1 + tG )p^ (Q) | ^ H e m W (64) 

N±' = VQ(pqm[m' 2 m' 3 \(l + tG )j^\Q)\^ 3}le m)^ r (65) 
for the ppn-breakup process and by 

NqJ = {^dqm\m' d \p {1) (Q)\^ S Yle m )e*<t>* (66) 

N ±1 J = (^ d qm[m' d \j^(Q)\^ 3Re m) e ^ (67) 
for the pd-breakup process. Note that we did not antisymmetrize the final state except 



in the two-body subsystem. This leads to the expression (|22| ) without the factor 3 and the 
permutation operator P, and the [/-amplitudes are just given by the driving term in Eq. (p~9|) . 
The corresponding results will be denoted by PWIA'. If on top of that we antisymmetrize 
the final state the result will be denoted by PWIAS'. This is evaluated using Eq. (^2j) as it 
is, but the [/-amplitude as for PWIA'. 
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Finally evaluating ( p^) and (|T^) exactly and thus including the final state interaction to 
all orders and between all three nucleons, as well as including the antisymmetrization fully 
will be denoted by FULL. 

III. RESULTS 

We used the Bonn B NN potential and kept its force components up to total two- 
nucleon angular momentum j=2 in the treatment of the 3N continuum. The effects of 
the j=3 components stayed below the percentage level. The electromagnetic nucleon form 
factors are from (2(| . 

The experimental setup for the spin- dependent asymmetry can be characterized by the 
initial electron energy (k Q ), the electron scattering angle (0), two angles which parametrize 



the direction of the target polarization (6a, 4>a) (see Fig. 7 of Ref. flUfl , e.g.), and the mea- 
sured energy transfer (u) . These values used in the recent experiments |7]-|9| are summarized 
in Table |, together with energy transfer (ujqe), 3-momentum transfer (IQIq^) and the angles 
defining the polarization with respect to the direction Q of the 3-momentum transfer (Qqe 
and 4>*q E ) at the quasielastic (QE) condition. The asymmetry measured in Ref. near the 
quasielastic kinematics is essentially the transverse asymmetry At> because of the condition, 
9* ~ 0°, and then is expected to be sensitive to the neutron magnetic form factor. Thus 
hereafter the asymmetry measured in this experiment will be referred to as simply At>. On 
the other hand, those measured near the quasielastic kinematics || and a lower-cu region just 
above the 3-body breakup threshold || are essentially the transverse-longitudinal asymme- 
try A TL i because of the condition, 9* ~ 90°, and then are expected to be sensitive to both of 
the neutron charge and magnetic form factors. Hereafter the asymmetry measured in these 
experiments will be referred to as simply Atu- These experimental results were analyzed 
by recent theoretical works pH|JTT[ ] with realistic 3 He wave functions and plane wave impulse 
approximation. In this article we call that approximation PWLV. In Ref. J7|, the neutron 
magnetic form factor, G^, was extracted based on PWIA' with reasonable agreement with 
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experimental data. On the other hand, agreement between the PWIA' calculations and the 
measured asymmetries in Refs. |8|||] is rather poor. The PWIA' prediction of the asymmetry 
in the quasielastic region was found to be large compared to the experimental data || at 
the (1 — 2.5)cr level. At the lower a;-region ||, the experimental asymmetry was found to 
be enhanced in contradiction with PWIA' calculations. 

Let us now regard our results in comparison to the experimental data for At> in Fig. [I] 
and for Atl 1 in Fig. [| We display six theoretical curves. The most naive prediction, 
PWIA(PS) lies within the error bars for four of the six data points for At> in Fig. [I]. In case 
of Atl' shown in Fig. |2] that prediction is essentially zero and clearly disagrees with the data. 
Replacing the principal S-state approximation of 3 He by the full expression, called PWIA, 
causes a visible change for At> at low cu's and a much larger one for Atl 1 - Now for Atl 1 one 
deviates even stronger from the data. Apparently Rtu is more sensitive to the 3 He wave 
function than Rt>. Symmetrizing the final state using PWIAS has a small effect for At> but 
a big one on Atl'- It rises Atl' for small a/s qualitatively similar to what happens in the 
data but misses the data around u = 60-70 MeV. A strong move occurs by keeping the final 
state interaction among the two spectator nucleons, PWIA'. For lower oj's it appears to be 
somewhat to high for At> and again at low cu's near the threshold for 3N breakup it does 
not show the quick rise of the one data point in Atl 1 ■ However between 50 and 100 MeV 
it follows the data for Atl'- Now symmetrizing in addition the final state, PWIAS', it does 
not cause a visible change for At>, but overshoots now the data for Atl' f° r w ' s below about 
70 MeV. Finally the full calculation leads again to a strong shift and agrees now quite well 
with the data for both At> and Atl 1 - At very low u;'s it now follows the experimental trend 
for Atl 1 though still misses the error bar of the last data point to the left. More precise 
data for A T l', especially in that region would be of interest to quantitatively challenge our 
present day understanding of final state interactions but possibly also effects related to the 
choice of the current operator. 

Though the data show still some scatter for At* we would like to quantify these results 
by providing a x 2 for At''- 
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2 „ (A^(i) - A-F(i) J 

x Y (^ p (*)) 2 

The sum runs over the six data points. They are 4.2, 4.1, 4.0, 6.1, 6.3, 3.4 for PWIA(PS), 
PWIA, PWIAS, PWIA', PWIAS' and FULL, respectively. The FULL calculation describes 
the data best and the correct antisymmetrization and the treatment of the full final state 
interaction is required to achieve quantitative insight. Note that the often used plane wave 
impulse approximation, here called PWIA' is insufficient. 

The aim of the experiments were to achieve information on the magnetic neutron form 
factor. Therefore the influence of the badly known electric form factor of the neutron, G%\ 
or in our nonrelativistic form F± should be known. We restrict our investigation to At< 
and in addition to PWIA(PS) and PWIAS. As an extreme assumption we put Fi to zero, 
the effect on At' was negligible (below 1 %). We expect that this remains true even for the 

(n) 

FULL calculation and therefore we expect that the specific choice of F x will not influence 
significantly the extraction of information on Gj$ from A?*. 

We add the remark that this extreme assumption puts Atl 1 = for PWIA(PS), of 
course. Obviously the data are different from zero and Atl 1 receives contributions from in- 
gredients, which go beyond that most simplistic picture. This can already be seen comparing 
PWIA(PS) and PWIA in Fig. |2|. The difference is just the replacement of the principal S- 
state 3 He wave function by the realistic one. Apparently the S'- and D-state pieces contribute 
very strongly to Atl 1 - This was noticed before in |L0] . 



Being free of that dependence on F± for At', we now altered the neutron magnetic form 
factor by ± 15 % and ± 30 % and achieved the results, for the FULL calculation displayed 
in Fig. |3|. Clearly ± 30 % changes lie outside the bulk of the data and also ± 15 % changes 
are not acceptable given the data. One can quantify these studies and extract the optimal 
/ factor multiplying the neutron magnetic form factor Gj$ of |20| such that \ 2 is minimal. 
This study was performed for the FULL calculation. We display the resulting y 2 in Fig. |] 
and extract the optimal / factor to be 1. As a measure of the accuracy of extracting that 
value we take the spread in / for x min + 1. This is ± 6.6 %. Clearly more precise data would 
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be very welcome to improve on the accuracy of extracting information on Gj^. 

The possibly most serious theoretical uncertainty in our analysis is that we do not take 
MEC s into account. Their quantitative contribution remains to be investigated. It also 
remains to be seen whether different choices of NN forces could change the results. For 
inclusive scattering without polarisation we found only a very weak dependence Sim- 
plified calculations keeping only j max = 1 NN force components, now for the polarization 
case, also did not show a dependence on the choice of the NN force. 

For future experimental work we would like to propose to separate Rt> and Rtv ■ The 
sensitivity of Rt> to G$ is larger than for the asymmetry Ajv. This is demonstrated in 
Fig. H in comparison to Fig. ||| again for the FULL calculation. Again we quantify that study 
by evaluating a x 2 , defined now as 

, 2 



_ = i) - R^\S)U = 1.3)' 



where i runs over the u- values, in which we carried out the calculations. We find x 2 {Rt>) = 
3.1 and x 2 (At') = 2.3. Thus Rt> has a stronger dependence on the magnetic neutron form 
factor (modified by the strength factor / ) than Aj". For the sake of curiosity Fig.|5] also 
includes the results putting G$ = (/=0). 

IV. SUMMARY 

Inclusive scattering of polarised electrons on polarised 3 He has been evaluated taking 
the final state interaction fully into account. Realistic NN forces have been used and the 
3N bound state and the 3N continuum are evaluated consistently solving the corresponding 



Faddeev equations. A formalism proposed in [TJj], which is ideal for inclusive processes and 



avoids the tedious direct integration of over all final state configurations, has been generalized 
to handle new types of structure functions composed of different current components. 

The most simple picture of polarized 3 He to be a polarized neutron target fails quan- 
titatively for the energy and momentum transfers considered. That picture relies on the 
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assumption, that the principal S-state is by far dominant. This is not at all true for the 
transverse- longitudinal asymmetry Atl 1 , which receives important contributions from the 
remaining pieces of the 3 He wave function, but also for the transverse asymmetry At>, where 
the results change significantly when the principal S-state approximation is replaced by the 
full and correct 3 He wave function. 

We also find that the often used plane - wave impulse approximation ( here denoted by 
PWIA' ) is insufficient. In PWIA' one takes the NN force in the final state into account 
for the pair of nucleons which are spectators to the single nucleon photon absorption of the 
third nucleon. This is quite insufficient for At> and Atl 1 - The correct antisymmetrization of 
the final 3N continuum is important and above all the final state interaction only all three 
nucleons (FULL calculation). 

In the FULL calculation the data for At> can be described quite well using the Gari- 
Krumpelmann electromagnetic nucleon form factors. The dependence of that observable 
At' on the neutron F\ form factor is weak and unimportant. We optimized the choice of 
G%[ to the data, with the result that the factor f=l for the choice of Gari-Krumpelmann 
parametrization was best. This appears to agree with preliminary results achieved in electron 
scattering on the deuteron ETI . 



In the case of Atl 1 the FULL calculation shows now the enhancement near the 3N 
breakup threshold, which is present in the data and which was not provided by the plane 
wave impulse approximation used up to now. 

For both observables At' and Atl 1 more precise data would be very welcome in order to 
probe the theoretical assumptions more stringently and to extract more accurate information 

on (jr M . 

A more thorough investigation of Atl 1 with respect to the contribution of the proton 
and the 3 He wave function component is planned. Because of lack of computer time it could 
not be included in this study. 

We would also like to point out that data for Rt> and Rtl 1 would be more sensitive to 
electromagnetic nucleon form factors than the asymmetries. From the theoretical point of 
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view mesonic exchange currents should be added and the treatment of relativity remains a 
pending problem. 
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V. APPENDIX 

The structure function Rt has the form 

R T =J2 JdfSiM + u-PfidNrf + lN-xl 2 ) (70) 

m'r' 

Using (JTT]) and fl22 ) one can write 



Rt = -^Im(*3 H ebi 1)tG! o(l + ^1^) " f M*.HelJ-? f °o(l + P)Wf\) 



^ + le m 4ml rn> m" 



D%%DSJ? m <pqa\(l + P)j { -l\%H e m')* {pqa\uf\m")\ (71) 
Since increases (decreases) the m magnetic quantum by 1 one gets 

t F 1 7> _ Z _ JL 2 [l^ml 3 <Pg«4 l(1 + ^'^He ^Wfl^) 



7T ^£ +ie _£-__^ 
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- ^ % ^ _ , 2 [\D>J 2 (p q aJ- ~\(l + P)£l\* 3Re \T(p q J-\\U?X\) 

m 4m " 

+ \D-i m \ 2 (pqaJ-^\(l + P)£}\% Ee - ly<pqJ-l\U<V - I)) (72) 
Using the phase relation (|37D , in addition 

(p?a-|l(l + J°)jSl*.H€ -^) = (-)^ n <pga^|(l + P) J i 1) |vI/3 He ~> (73) 

and corresponding ones for (pqaj — \ \uf\\) and (pqaj — flt^-j^ — |) one arrives at (j34|). 
The structure function i?^/ has the form 



Rt>=Y: fdf'SiM + u-P^lN^-lN^l 2 ) (74) 



A corresponding manipulation as above yields 

1 



Rt' 



7T Im ><■ - ^ - -±<- 2 



E + ie — 2- — -f-q 7 

m 4m * 

[< M a^|(l + P)jfH H e ^>*<W«^f I^^XPiml 2 - P-§ml 2 ) 
+ < pga^|(l + P)jf >|*,Efe ~ ^'(p?^!^ " ^XI^-iJ 2 " l^ml 2 )] (75) 



2 IV 1 ™ 2' u J 2' Jl 2 

Using (p5|) one ends up with pC]). 
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FIG. 1. The transverse asymmetry At> as a function of u. The data are from Ref 0. 
The six theoretical curves are PWIA(PS)(dashed-dotted), PWIA(dotted), PWIAS(short dashed), 
PWIA'(long dashed), PWIAS'(dashed-dotted, declined curve) and FULL (solid). Note PWIA' and 
PWIAS' overlap. 




u [MeV] 

FIG. 2. The transverse-longitudinal asymmetry Atl' as a function of u. The data (o) are 
from Ref Q and the data (^) from Ref ||. Curves as in Fig 1. The PWIAS '-curve rises to the 
data point at w=40MeV. 
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FIG. 3. The dependence of the transverse asymmetry Aj" in the FULL calculation on 
the strength factor / multiplied to the neutron magnetic form factor Gj$ from |ffif ]. f=0.7 
(short-dashed), /=0.85 (dotted), f=l (solid), /=1.15 (dashed-dotted) and /=1.3 (long-dashed). 
Comparison to data from M . 
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FIG. 4. The x 2 from Eq(|68|) for At' as a function of the strength factor / from Fig. 3. A 
parabola is fitted to the calculated values denoted by (o). The value Xmin +1 is shown as dashed 
horizontal line and provides a spread of A/ = ±6.6%. 
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FIG. 5. The transversal structure function Rt> as a function of u in the FULL calculation 
for various strength factors /: /=1.3 (long dashed), f=l (solid), /=0. 7 (short dashed) and f=0 
(dotted). 
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TABLES 



TABLE I. The experimental setup of Refs. 





k 


e 


0a 


4>A 


it! 


UQE 


Qqe 


a* 
QE 


<Pqe 




(MeV) 


(°) 


(°) 


(°) 


(MeV) 


(MeV) 


(MeV/c) 


(°) 


(°) 


Ref. § 


370 


91.4 


42.5 


180 


91 - 150 


107 


460 


8.9 


180 


Ref. | 


370 


70.1 


42.5 





73 - 97 


76 


386 


88.1 





Ref. | 


370 


70.1 


42.5 





40 - 52 


76 


386 


88.1 
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